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Abstract 
We present a detailed study on accurate modeling of highly aluminum-doped p+ silicon. We have analyzed the 
influence of defect recombination and the effect of incomplete ionization on the saturation current densities of Al-p+ 
regions featuring different Al doping profiles. Very good agreement within a broad range of experimental data has 
been obtained. We demonstrate that incomplete ionization has a significant impact on the doping profile 
characteristics and, therefore, has to be accounted for in accurate modeling of highly aluminum-doped silicon. 
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1. Introduction 
Highly aluminum-doped p+ silicon is commonly used as back surface fields (BSFs) in p-type Si solar 
cells. Its easy formation by alloying of screen-printed Al pastes during a short high-temperature firing 
step is a reliable low-cost process and is thus, implemented in most industrial photovoltaic production 
lines. Such Al-p+ regions can also be applied as rear emitters to n-type Si solar cells, which is a promising 
topic of current research [1-9]. 
In device simulations, saturation current densities j0 of Al-doped Si are calculated too low if Al atoms 
are considered to be acceptor occupancies, in analogy to the description of boron acceptors, as usually 
done by the simulation tool PC1D [10]. This leads to significantly overestimated open-circuit voltages 
Voc. Recently, for simulation purposes, a minority carrier lifetime parameterization as a function of the Al 
acceptor density NA has been reported [11]. This model empirically accounts for the lifetime limiting 
defect in Al-doped Si, which may be caused by the formation of aluminum-oxygen (Al-O) defect 
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complexes [12-15]. However, we show that the current models are not suitable for describing highly Al-
doped Si in good accordance within a broad range of experimental data. 
Thus, in this work, we analyze the effect of Auger and Shockley-Read-Hall (SRH) recombination 
[16, 17] on the saturation current densities j0 of surface-passivated and non-surface-passivated Al-doped 
p+ Si (Al-p+) regions. Thereby, we demonstrate that an additional effect has a major impact on the 
behavior of Al-doped Si, which we have identified as incomplete ionization of the Al acceptor atoms. We 
show that the effect of incomplete ionization of Al acceptors is an important mechanism in Al-doped Si 
and has to be accounted for in accurate solar cell modeling. 
2. Experimental data base and simulation setup 
We have prepared a broad range of test samples on high-quality 100 cm boron-doped p-type float-
zone (FZ) Si material. These samples hold Al-p+ regions, differing in depth and surface passivation and 
have been characterized in detail elsewhere [18, 19]. One part of the samples features non-passivated, 
whereas the second part exhibits effectively passivated Al-doped p+ Si surfaces. For passivation, we used 
atomic-layer-deposited aluminum-oxide (Al2O3) or plasma-enhanced-chemical-vapor-deposited 
amorphous Si (a-Si) layers. To obtain the doping profiles, the total Al concentrations (ionized and non-
ionized Al atoms) have been measured by the electrochemical capacitance-voltage (ECV) method. 
Further experimental proof for measuring the total Al concentration will be published soon. The opposite 
non-Al-doped sample surfaces are passivated by silicon-nitride (SiNx), leading to an asymmetric 
structure, as shown schematically in Fig. 1. We have determined the saturation current densities j0,Al of 
the Al-p+ regions [20] via quasi-steady-state photoconductance (QSSPC) measurements [21]. The 
experimentally obtained j0,Al values of different Al-p+ regions are summarized in Fig. 1 (squares). 
For the numerical determination of the saturation current densities j0,Al via one-dimensional 
simulations, we have set up an asymmetric sample structure, equivalent to the experiment, in Sentaurus 
TCAD [22]. In order to calculate the current density-voltage characteristic of the device, a very thin and 
shallow phosphorus-doped n+ emitter on the front was assumed, holding negligible Auger recombination. 
Furthermore, we have implemented a non-recombining front contact and a rear contact with adjustable 
surface recombination velocity. From the short-circuit current density jsc and the open-circuit voltage Voc, 
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Fig. 1. Measured saturation current densities j0,Al of our test samples featuring non-passivated (solid squares) and passivated (open 
squares) Al-p+ surfaces. The curves show calculations for SRH recombination with Nt* = 1.7 cm-1 (named as SRH model) and the 
lifetime parameterization ( Altermatt model) proposed in Ref. [11], applying a generalized profile for depth variations. 
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the saturation current density j0,Al can be calculated via the one-diode equation. Thereby, the influences of 
j0 of the bulk and the front side emitter can be neglected. 
As obtained by ECV measurements (Fig. 2), the Al doping profile curve starts at a concentration of 
approx. 1×1018 cm-3 at the surface, rising to a maximum value of ~ 3×1018 cm-3 at a depth of some m 
(typical depths are in the range from 5 to 8 m in solar cells), where it decreases rapidly. At the interface 
of the Al-doped p+ Si and the Si bulk, the profile is broadly blurred due to lateral thickness 
inhomogeneities of the Al-p+ region. Scanning electron microscope (SEM) images indicate an abrupt 
profile decrease due to a sharp potential contrast between the Al-doped Si layer and the Si base [18, 19]. 
Thus, the measured Al doping profiles have been fitted by a convolution of an abrupt profile, which acts 
finally as the profile for the simulations, and a Gaussian distribution [20, 23]. 
For depth variations, we set up a generalized Al doping curve based on the deconvoluted abrupt 
profile, consisting of an exponential increase from NA = 1×1018 cm-3 at the surface to NA = 3×1018 cm-3 at 
the Al-p+/Si interface and an abrupt decay at the depth dAl of the Al doping profile. Device modeling has 
been carried out at an intrinsic carrier concentration of 9.65×109 cm-3 [24, 25]. 
3. Comparison of defect models 
Al and Al-related defect centers form electrically active deep energy levels near the Si mid-gap, leading 
to high recombination and, thus, to detrimental consequences for the minority carrier lifetime. The carrier 
lifetime limiting defect in Al-doped Si may be related to Al-O defect complexes [12-15]. 
Recently, for simulation purposes, a minority carrier lifetime parameterization Altermatt/ s 
= ((NA/cm-3)1.5048·2.8339×10-24·f)-1 as a function of the Al acceptor density NA has been reported [11] with 
the dimensionless scaling factor f = 2×10-3 [26]. This parameterization is based on Shockley-Read-Hall 
(SRH) theory [16, 17] and is referred to as Altermatt model. 
For defect modeling via SRH theory, which is the general description of carrier generation and 
recombination at a single defect level, the entire defect parameter set consisting of defect energy Et, the 
capture cross sections for electrons and holes e/h, respectively, and the defect concentration Nt is 
required. The SRH minority carrier lifetime equals the minority carrier capture time constant 
n0 ≡ (Nt· e·vth,e)-1 under low-level injection (LLI) conditions. vth,e is the thermal velocity of electrons. 
Since the value of e is based on a rare data base from literature [12, 13] and the defect density Nt is 
unknown, the product of these two values has been defined as the effective defect density 
Nt*(NA) ≡ Nt(NA) · e, acting as a free parameter in our simulations. Thereby, as a first order 
approximation, Nt is proportional to NA. Thus, Al-doped Si can be described without exact knowledge of 
the correct set of defect parameters for the Al-O complex. Please note that Nt* indicates the effective 
defect density at the maximum acceptor concentration Nt*(NA,max) = Nt*(3×1018 cm-3). However, to 
determine the absolute defect concentration Nt, the knowledge of the minority carrier capture cross 
section e is required. 
For comparison, we have carried out simulations applying the Altermatt model and the SRH model, in 
combination with the generalized Al doping profiles (cf. section 2). The results for the calculated 
j0,Al,Altermatt (dashed) and j0,Al,SRH (solid/continuous) curves are shown in Fig. 1. Thereby, Nt* = 1.7 cm-1 has 
been chosen according to the j0,Al,Altermatt value at the convergence limit for very thick Al doping profiles 
with dAl ≥ 15 m. As both approaches depict a very similar structure, a good correlation between j0,Al,SRH 
(with Nt* = 1.7 cm-1) and j0,Al,Altermatt is achieved, especially for non-surface-passivated Al-doped Si. For 
passivated Al-doped Si, the relative difference does not exceed 20%. Nevertheless, both simulation 
results do not fit satisfyingly to the experimental data. Especially they lead to broadly underestimated 
saturation current densities for non-passivated Al-p+ surfaces. 
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Fig. 2. Al doping profile measured by ECV (squares). At the interface of the Al-doped p+ Si and the Si bulk, the profile is broadly 
blurred due to lateral thickness inhomogeneities of the Al-p+ region. The measured data were fitted (dash dotted) with a convolution 
of a Gaussian distribution, representing the thickness deviations, and an abrupt doping profile (dashed) [16]. Due to incomplete 
ionization (i.i.) of the Al atoms (right), the resulting electrically active dopant concentration (line, left) is significantly decreased. 
4. Incomplete ionization of acceptor atoms 
Incomplete ionization (i.i.) can significantly affect the electrically active concentration of Al acceptors 
in Si within the doping range of 1017 to 1019 cm-3, relevant for the profiles discussed in this work [23]. As 
has been reported in Refs. [27, 28], the ionization energy Edop,0 = 69 meV of Al [29] is much higher than 
those of boron acceptors (44 meV) or phosphorus donors (46 meV). Consequently, the influence of i.i. in 
Si is much greater for Al than for B or P dopants. 
In Sentaurus TCAD [22], the predefined model for the fraction of ionized acceptor atoms NA/NA,0 is 
given by: 
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NV denotes the effective density of states at the edge of the valence band, EV the upper limit of the 
valence band energy, kB the Boltzmann constant and T the temperature. gA is the inverse of the 
degeneracy factor g = 1/4, which is the convergence limit of the i.i. model proposed by Altermatt [27, 28] 
for low doping concentrations. In this more generalized i.i. model, as a main difference to the model 
implemented in Sentaurus TCAD, gA = gA(T, NA, n, p) follows a functional behavior. This leads to a 
smooth transition to complete ionization instead of a hard transition enforced by a step function. As there 
are not given sufficient experimental data in literature for Al-doped Si, which serve as a firm base for this 
i.i. model, we have used the i.i. model implemented in Sentaurus TCAD with the default parameters [22]. 
Edop,0 for Al-doped Si was taken from literature and a critical doping concentration Ncrit for the Mott 
(metal-insulator) transition above 8×1018 cm-3 was used. 
With Nt* as the only free parameter in the model implemented in Sentaurus TCAD, we achieve very 
good agreement of measured and calculated j0,Al values by taking i.i. into account (Fig. 3). In these 
calculations, a more realistic surface recombination velocity parameter S0 = 100 cm/s has been assumed 
for passivated surfaces (open symbols) [30]. We have additionally determined an averaged SRH lifetime 
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Fig. 3. Measured saturation current densities j0,Al of our test samples featuring non-passivated (solid squares) and passivated (open 
squares) Al-p+ surfaces. Incomplete ionization of the Al acceptors has been taken into account, additionally to Auger and SRH 
recombination. The simulation results are shown for calculations using (a) the empirical profiles (line) described in section 2 or 
(b) the corresponding deconvoluted fits to the measured Al profiles (solid and open circles), exemplarily shown in Fig. 2. 
in the Al-p+ region of SRH = 270 ns by using the SRH model with Nt
* = 0.6 cm-1 (Fig. 3), being in good 
agreement to results reported in Ref. [31] ( SRH ≥ 130 ns). 
5. Conclusions 
In this study we have introduced an advanced method for accurate modeling of highly Al-doped Si. 
We have compared the influence of different defect models on the saturation current densities of Al-p+ 
regions and have analyzed incomplete ionization of the Al acceptors in detail. The simulation results have 
been validated within a broad range of experimental data. Defect recombination in highly Al-doped Si has 
been identified to be the major loss mechanism. However, due to a much higher ionization energy 
compared to other acceptor atoms, as for example boron, incomplete ionization significantly impacts the 
saturation current densities. This is due to a major decrease of the electrically active Al concentration in 
the range of NA = 1017 to 1019 cm-3. Taking this effect into account, we have achieved very good 
agreement of measured and calculated j0,Al values. This leads to the conclusion that incomplete ionization 
in combination with Auger and SRH recombination has to be accounted for in accurate modeling of 
highly Al-doped Si. 
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